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Chapter 1 
 
General introduction and background history 
 
1.1 Introduction 
Protein the versatile class of macromolecule is involved in virtually every 
cellular process. They play a variety of important roles and are essential to maintain 
the structure and function of all lifeforms. By weight, proteins are collectively the 
major elements of the dry weight of cells. Nearly every dynamic function of a living 
being depends on proteins. Proteins have many different active functional groups 
attached to them to help define their properties and functions. They fold into 
secondary, tertiary, and quaternary structures based on intra-molecular bonding 
between functional groups or intermolecular bonding (quaternary only) (Wetlaufer 
1973) and can obtain on a variety of three-dimensional shapes depending on the 
amino acid sequence (Fig. 1.1) (Anfinsen et al., 1961). The folding of proteins is also 
driven and reinforced by the formation of many bonds between different parts of the 
chain. The formation of these bonds depends on the amino acid sequence.  
 
Protein can form enormously sophisticated chemical devices whose functions 
largely depend on the detailed chemical properties of their surfaces. Binding sites for 
ligands are formed as surface cavities in which precisely positioned amino acid side 
chains are brought together by protein folding. A functional protein is much more 
than just a polypeptide, it is one or more polypeptides that have been precisely folded 
into a molecule with a very specific, unique shape which is critical to its function.  
 
 A protein domain is a conserved part of a given protein sequence and (tertiary) 
structure that can evolve, function, and exist independently of the rest of the protein 
chain. Each domain forms a compact three-dimensional structure and often can be 
independently stable and folded. Many proteins consist of several structural domains. 
One domain may appear in a variety of different proteins. Molecular evolution uses 
domains as building blocks and these may be recombined in different arrangements to 
create proteins with different functions. Therefore, the study on their structures and 
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function is important because they are vital for the growth, repair and regeneration 
and their functions are endless in the developmental process of organisms.  
 
 
                                                                           
Figure 1.1 Different proteins Structures. Protein structure has four levels of 
organizations. (Retrieved from https://courses.lumenlearning.com/microbiology/chapter/proteins/) 
 
In the developmental process of organisms, some proteins exhibit immense 
functions for the existence of life. The dUTPase and protein kinase A substrate 
protein (PKAS1) belong to them.  Basically, The DUT gene encoded enzyme 
deoxyuridine triphosphatase (dUTPase) is involved in nucleotide metabolism of every 
organism. The dUTPase is involved in DNA replication by maintaining the 
appropriate dNTPs pool, So, it was expected to have important functions in 
regeneration process. Again, in the sexual reproduction, prior to the fertilization, the 
elongation of starfish acrosomal process requires PKAS1 which is supposed to be the 
key protein molecule for the acrosomal process development that is phosphorylated 
during the acrosome reaction. These proteins show their roles in different angel in 
reproduction process. Therefore, biological and biochemical functions and structure 
of these proteins were investigated to know the specific roles of these proteins in the 
developmental process. 
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1.1.1 Planarians 
 
1.1.1.1 History and overview of regeneration  
 Regeneration has fascinated humans for centuries, as evidenced by literature 
and mythology. For example, Greek mythology features the story of Prometheus and 
his regenerating liver. As a punishment for stealing fire from the gods, he was 
sentenced to having his liver eaten by an eagle daily, only to have it repeatedly grow 
back to be eaten again. This story captures the mysterious and otherworldly quality 
associated with regeneration. Interestingly, science has since found that the liver does 
indeed have the capacity to regenerate, something that could not have been known 
when the story originated. Still, rigorous investigations into the mechanisms of 
regeneration have done little to reduce the mystique. It remains popular in works of 
science fiction and comic books. While these fantastic stories have entertained 
listeners and viewers for ages, the real story of regeneration is even more intriguing. 
The potential impact that unlocking the secrets of regeneration has on medicine is 
hard to overstate. Adding to this is the fact that understanding regeneration almost 
surely will mean mastering the potential of stem cells. With this knowledge in hand, 
doctors could begin to treat a multitude of health problems that, thus far, have been 
untreatable. This could mean everything from replacing damaged organs to defeating 
the ailments of senescence.  
 
Despite intense interest from the medical field and the public, researchers are 
still just beginning to understand the intricate details of regeneration. Before medical 
doctors can begin to repair or replace damaged organs, we must first understand why 
some organisms can regenerate entire missing limbs, while humans have a very 
limited capacity to regenerate everything. Recently investigators have begun to 
answer these hidden questions by applying different molecular techniques.  
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1.1.1.2 Planarian Regeneration  
Planarians are probably the best known for their robust regenerative 
capabilities. In fact, an amputated piece as small as 1/279th can regenerate into a full 
organism (Randolph 1892). In addition to this ability to regenerate from almost 
impossibly small fragments, planarians can also regenerate from an unimaginable 
variety of amputation planes. These amputations leave the animal with fragments of 
many different sizes and shapes from which to regenerate. The only known exception 
to this regenerative ability is that the area anterior to the photoreceptors and the tip of 
the pharynx. It is understood that these tissues fail to regenerate because of a lack of 
neoblasts, the planarian stem cell population.  
 
In response to the injury, the planarian pulls away from the site of the wound. 
Following this, the area of the wound is minimized by a contraction of the circular 
muscle around the wound, closing it in a purse string fashion (Chandebois, 1980). 
Shortly thereafter, the wound is covered with a layer of epithelium that will cover the 
forming blastema (Fig. 1.3). 
 
1.1.1.3 Planarian as a model organism 
Neurodegenerative and cardiovascular diseases, as well as stroke, infection 
and injury, require therapies that aim to replace lost, damaged or inoperative tissues. 
Regenerative medicine is therefore a major focus of medical research now. Whereas 
regeneration in humans is limited, several vertebrates, such as salamanders and 
starfish, can regenerate amputated body parts with high efficiency. The master of 
regeneration is, however, the planarian flatworm. Due to their therapeutic potential for 
curing degenerative diseases and repairing injuries, the interest in stem cells increased 
dramatically over the last few years. The freshwater planarian Dugesia ryukyuensis is 
one of the most commonly used species in planarian research. The regenerative 
abilities of planarians depend on a large population of somatic stem cells (Handberg-
Thorsager et al., 2008).  
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                                              (Agata, 2004) 
Figure 1.2 Planarian regeneration. 
 
In recent years, the application of RNA interference (RNAi) for gene-specific 
knockdown in planarians (Newmark et al., 2003) allowed identification of several 
genes and signal transduction pathways that regulate different aspects of regeneration, 
such as polarity and patterning, and stem cell proliferation, maintenance and 
differentiation (Guo et al., 2006; Oviedo et al., 2008). The amenability to efficient 
RNAi treatments, rapid development of clear phenotypes and established cell 
biological readouts, combined with new post-genomic technologies, make planarians 
an outstanding model animal for gene discovery and can reveal unidentified functions 
of known and unknown genes involved in human regeneration, development and 
disease. 
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1.1.1.4 Neoblasts 
  The source of the plasticity and regenerative ability is a dynamic population of 
adult, pluripotent stem cells known as neoblasts. Neoblasts are small, highly 
undifferentiated cells with large nuclei and very little cytoplasm (Fig. 1.4). These 
stem cells represent 25-30% of all cells in the body of the flatworm. Neoblasts are the 
only mitotically active cells in adult planarians (Newmark et al., 2000) and they give 
rise to all the cell types found in the organism, including the germ line. Somatic 
tissues are constantly being replaced by stem cell proliferation and differentiation. In 
intact planarians, neoblasts replace cells lost to normal physiological turnover 
(Newmark et al., 2000), while in amputated animals, they give rise to the blastema. 
 
 
 
                                                                         (Wagner, 2012) 
 
 
Figure 1.3 Cellular features of regeneration. Generalized sequence of events 
characterizes the process of regeneration in fish, amphibians, and flatworms. Within 
minutes of amputation, a wound epidermis spreads to cover the wound. Localized 
proliferation of mesenchymal cells generates new cellular material, which buds 
outward from the wound site to form the regenerative blastema. Blastema outgrowth 
is associated with continual proliferation along with differentiation and patterning of 
new tissues.  
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                        (King and Newmark, 2012) 
 
Figure 1.4 A planarian neoblast cell. Blue color and green color indicate the nucleus 
and cytoplasm respectively where nucleus is comparatively larger. 
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1.1.2 Starfish 
 
1.1.2.1 Fertilization 
In sexual reproduction fertilization is an important event for generating new 
individual. Gametes need to recognize the appropriate partner and go through a series 
of intracellular interactions between sperm and egg that eventually lead to sperm-egg 
fusion and activate the egg to initiate development. Virtually all eggs are enclosed in 
an acellular envelope, the egg coat. In order to fertilize an egg, a spermatozoon must 
undergo three important steps. First, the spermatozoon must attain activation of 
motility as a result it can travel a distance to the egg. Secondly, it must be stimulated 
by or attracted to the egg. Finally, the spermatozoon needs to undergo changes that 
allow it to bind to and fuse with the egg plasma membrane. In general, the contact 
with egg coat components triggers a cascade of reactions in sperm, e.g. acrosome 
reaction (AR) that leads to the fusion of the gametes. Although the structure and 
composition of egg coats vary considerably among organisms, it is a common feature 
that sperm needs to bind to one of the egg coat layers. In many cases, this binding 
occurs in a species-specific manner. However, the process of the fertilization includes 
a pathway as in Fig. 1.5 
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    (Islam, 2005)  
Figure 1.5 A General pathway of fertilization. (A) Fertilization steps: 
schematically mentioned in B for two different groups of animals. (B) A 
comparison of sperm entry into the egg during fertilization in echinoderms and 
mammals. Abbreviations are used as AP, acrosomal process; CC, cumulus cells; 
EJ, egg jelly; PVC, perivitelline space; VL, vitelline layer; ZP, zona pellucida. 
 
For each step, a number of molecules have to collaborate in sophisticated and 
often highly specified reactions (Snell and White, 1996). This pathway is clearly 
sketched in Fig. 1.5 B that represents a comparison of fertilization of two different 
groups of deuterostomes. Here two echinoderm species are considered to display 
some differences of sperm entry into egg between species even though they are 
existed in the same phylum. In mammalian fertilization, sperm travel until they meet 
egg plasma membrane. Though sea urchin sperm also swims through the jelly, it 
forms an elongating structure called acrosomal process, which facilitate transferring 
of genetic materials into the egg. In contrast to all these two animals, starfish sperm 
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evade from traveling through the jelly coat, just upon primary binding the sperm to 
the jelly coat followed by the AR. Instead, it does the rest of duties at a stable location 
on surface of the egg jelly (EJ) using already formed long acrosomal process. 
 
i. Activation of sperm and approach to the egg 
Sperm are highly specialized cells that have evolved to perform a single 
fundamental task-the delivery of their genetic material to the female of their species. 
Inherent in this function is the requirement for sperm to be motile. Sperm are 
immotile in testis even after the completion spermiogenesis. In animals that undergo 
external fertilization, sperm initiate motility upon swimming triggered by 
extracellular ionic changes or substances released from the egg. For example, in sea 
urchin, sperm are immotile while they reside in the testis. Upon spawning into 
seawater, flagellar beatings commence and they begin to swim vigorously. Ionic 
changes that occur when sperm contact seawater are responsible for inducing the 
physiological changes required for the activation of motility. Within the gonad, high 
CO2 tension keeps the intracellular pH (pHi) at ~7.2 (Johnson et al., 1983). When 
sperm are spawned into seawater, the CO2 tension decreases, protons are released, and 
pHi results in the activation of the dynein ATPase, which leads to the initiation of 
motility and an increase in ADP, the substrate for oxidative phosphorylation. In 
response to the rising concentration of ADP, mitochondrial respiration is stimulated 
(Christen et al., 1982). Mammalian sperm mature to acquire the ability for motility 
while passing through the epididymis. Sperm cells ejaculated into the female 
reproductive tract undergo capacitation.  
 
ii. Binding of sperm to the egg coat  
Substances associated with the egg that display chemokinetic and chemotactic 
effects on sperm have been studied to the greatest extent in marine invertebrates. 
These processes would appear to be vital for such species since they are external 
fertilizers and gametes are released into the vast environment of seawater. Therefore, 
egg factor would serve to activate and direct sperm toward the eggs and increase the 
probability of contact between optimal gametes. In echinoderms, non-motile sperm 
are released from the male and motility is initiated upon dilution into seawater. Over 
the last two decades, small peptides that activate sperm have been isolated from egg-
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conditioned media of many species of echinoderms, including sea urchins, sand 
dollars, and starfish. These peptides are diffusible and interact with sperm at some 
distance from the egg. When they bind to sperm, causes a cellular activation resulting 
in either a chemokinetic or chemotactic response. Moreover, they demonstrate 
considerable species specificity in that they only activate sperm from the same species 
and do not affect sperm from different orders (Suzuki et al., 1982; Ward et al., 1985). 
 
iii. Acrosome reaction  
All sperm species possessing an acrosome must undergo the AR to fertilize 
the egg. This exocytotic reaction enables sperm to penetrate the outer envelope of the 
egg and to recognize and fuse with the egg plasma membrane. Thus, the egg is not 
simply a protective coat but also an essential component of the gamete recognition 
and signaling process. The AR is defined as exocytosis of the acrosomal vesicle, in 
which the contents of the acrosomal vesicle including hydrolytic enzymes are released 
to the exterior surrounding. As a result of exocytosis, the acrosomal inner membrane 
is exposed as a new part of sperm plasma membrane, which has specific device for 
binding to and fusion with the plasma membrane of eggs. AR occurs in all metazoans 
and has been recognized as a coupled reaction involving exocytotic step, which is 
accomplished by physiological, biochemical and morphological changes including 
dramatic changes in cell shape. Furthermore, AR is known to be a signal transduction 
event linked to ion fluxes, membrane depolarization, and changes in the pHi and 
[Ca2+]i concentration. Although molecules that induce the AR have been described in 
many different species, the identity and characterization of such molecules has been 
carried out in detail in sea urchin, starfish, and mouse. Table 1.1 summarizes the 
identity and biological functions of these factors.  
 
In many marine invertebrates, the exocytosis of acrosomal vesicle is 
accompanied by the formation of an acrosomal process, which projects from the 
anterior end of the sperm. This biological process in marine invertebrate was 
discovered by Jean Clark Dan (reviewed by Hoshi et al., 1994). This common 
phenomenon is clearly reflected in Fig. 1.5 B that represents a comparison of AR of 
starfish, sea urchin, and mammals.   
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Table 1.1 Summary of characterized acrosome reaction-inducing molecules and 
their effects on sperm (adduced from Ward and Kopf, 1993). 
Species Name Structure Actions 
 
Sea urchin 
 
FSG 
 
Fucose sulfate 
glycoconjugate 
 
↑Ca2+i, ↑Nai+, ↑H+, K+ release, ↑pHi, 
↑Adenylyl cyclase, ↑cAMP, ↑PKA, ↑IP3, 
↑Phospholipase D, ↑Phosphatidate 
 
Starfish  
 
ARIS 
 
 
Co-ARIS 
 
 
Fucose sulfate 
glycoconjugate 
 
Sulfated steroidal 
saponins 
 
↑Ca2+i , ↑Nai+, ↑H+, K+  release, ↑pHi,  
↑cAMP (only in presence of Co-ARIS) 
 
Co-factor for ARIS 
 
Mouse 
 
ZP3 
 
Glycoprotein 
 
Gi activation, ↑ Ca2+i , ↑pHi, ↑cAMP 
 
 
 
1.1.2.2 Egg jelly of starfish  
Starfish EJ coat contained three components: asteroidal sperm activating 
peptides (asterosap) (Nishigaki et al., 1996), a gigantic proteioglycan like molecule 
named acrosome reaction-inducing substance (ARIS) (Koyota et al., 1997; Gunaratne 
et al., 2003), and a group of sulfated steroidal saponin (Co-ARIS) (Nishiyama et al., 
1987a) have been well-identified (Hoshi et al., 1990). The complete structural 
characterization of Co-ARIS and 11 asterosaps have already been done.  
 
ARIS is a species specific, highly sulfated glycosilated protein with an 
approximately molecular weight of > 104 kDa. It is composed of approximately 33% 
protein, 47% carbohydrate, and 10% sulfate. ARIS-receptor is specifically located as 
single domain on the plasma membrane, which is placed near the region occupied by 
the acrosomal vesicle and the peri acrosomal components (Longo et al., 1995).  
 
Among various steroid saponins in the starfish EJ, three saponins are known to 
be principal Co-ARIS molecules. These Co-ARIS molecules were structurally 
 
Chapter 1  General introduction and background history 
 
13 
identified to consist of a sulfated steroid and a pentasaccharide chain in which the 
sulfate moiety and steroid side chains are mainly responsible for the biological 
activity (Nishiyama et al., 1987b). The sugar chains of Co-ARIS appear to be 
modified without affecting its activity. The action of Co-ARIS is not specific, and it is 
suggested from several lines of evidence that sperm do not have specific receptor for 
Co-ARIS (Hoshi et al., 1990; Amano et al., 1992). 
 
From the starfish EJ, 12 asterosaps were isolated, 11 of which were 
structurally characterized. All are glutamine-rich peptides consisting of 34 amino 
acids with an intramolecular disulfide linkage between Cys8 and Cys32. Asterosaps 
increase the pHi of sperm through binding to its receptor on plasma membrane, and 
thus facilitate the AR. They restore depressed motility and respiration of the 
spermatozoa to a normal level by increasing pHi (reviewed by Hoshi et al., 2000). The 
receptor for asterosap has been identified as a guanylate cyclase (GC) of 130 kDa, 
located mostly in plasma membrane of flagella (Nishigaki et al., 2000).  
 
Although the studies on Co-ARIS and asterosaps have been carried out at rich 
level, the function of both molecules regarding acrosome reaction is wholly 
dependent on ARIS. Neither alone nor a combination of them has aptitude to induce 
AR unless ARIS is present in the reaction medium. Experimentally, ARIS and Co-
ARIS, or ARIS and asterosap, are required for the induction of AR in normal 
seawater, whereas only ARIS is sufficient in high-Ca2+ or high-pH seawater (Matsui 
et al., 1986a). Thus, ARIS is regarded as a major acrosome reaction-inducing 
molecule.  
                         
1.1.2.3 Acrosome reaction in starfish 
The starfish eggs are covered by a protective egg-coat that shields the plasma 
membrane from the environment. This extracellular matrix is composed of a 
gelatinous layer containing ARIS, Co-ARIS and asterosap that have at least 50 µm of 
the thickness, which is known as EJ. The sperm must thus first attach to the jelly 
before actual fertilization. The tip of the starfish sperm head contains the acrosome, a 
specialized lysosome that is loaded with degradative enzymes. These are released at 
the event of AR, which is initiated by increasing of pHi and [Ca2+]i concentration of 
the sperm in a species-specific manner (Dale et al., 1981). The sperm head is 
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composed of the acrosomal vesicle with intact acrosome, and under the above 
conditions it undergoes exocytosis of the acrosomal contents via fusion of acrosomal 
membrane and sperm plasma lemma. Acrosome reaction lasts with forming a long 
AP, which facilitates piercing the jelly and vitelline coats and then the fusion of sperm 
plasma membrane covering the tip of AP with egg plasma membrane. Along with 
drastic morphological changes, there is an ion permeability of the sperm plasma 
membrane during AR of the starfish (Matsui et al., 1986 a, b). The phenomenon of 
the AR in starfish is clearly sketched in Fig. 1.6.   
                                   
 
   
Figure 1.6 Acrosome reaction in starfish. When sperm contact to the EJ, a long 
AP forms at the tip of the sperm head because of AR. 
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1.2 Main objectives 
 Effective and accurate cellular DNA synthesis requires a well-regulated 
dNTPs pool. Both the concentration and the ratio of dNTP components affect 
replication fidelity and robustness. Abnormalities in the dNTPs pool can bias DNA 
synthesis, resulting in DNA damage or replication arrest. The DUT gene encoded 
enzyme dUTPase is involved in nucleotide metabolism. dUTPase prevents uracil 
misincorporation in DNA by balancing the intracellular ratio between dUTP and 
dTTP. Since the DUT gene is involved in DNA replication by maintaining the 
appropriate dNTPs pool, it was expected to have important roles in planarian 
regeneration. In this study, therefore, it was hypothesized that Dr-dut might play 
critical roles in planarian life especially in the regeneration process. On the other 
hand, in case of sexual reproduction it was also hypothesized that protein kinase A 
substrate (PKAS1) protein may play an important role in the acrosomal process (AP) 
extension during the acrosome reaction of starfish. Therefore, a series of experiments 
were carried out in order to achieve the 6 basic objectives, as listed below those are 
related with the developmental process of organisms. 
 
§ To investigate the role of Dr-dut gene in planarian regeneration. 
§ To investigate the role of Dr-dut gene in planarian genome stability. 
§ To investigate the synergistic effects of 5-FU and Dr-dut RNAi. 
§ To know the effects of Dr-dut RNAi on DNA repair mechanism. 
§ To know the biochemical properties of planarian dUTPase. 
§ To identify the protein(s) phosphorylated by PKA during the process of AR in 
starfish with the function. 
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All these objectives are schematically shown below- 
 
a. 
 
 
 
 
 
 
 
 
 
 
b. 
 
 
 
Figure 1.7 The schematic illustration of the objectives of the study. (a) Research 
objectives related to Dr-dut silencing on planarians. (b) Research objectives related to 
protein kinase A (PKAS1) signaling. 
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Chapter 2 
 
Biological studies of planarian dUTPase  
 
2.1 Introduction 
The uracil base is a common and naturally appearing pyrimidine derivative 
that is normally found only in RNA molecule as a constituent for nucleic acid 
polymers. Uracil is able to build up U:A base pair through two hydrogen bonds. 
However, the non-canonical base uracil may be present in small quantities in DNA 
molecule as well. But deamination of C (cytosine) results in the formation of U 
(uracil) in DNA which will code for adenine in the following replication cycle, thus 
giving rise to a C to T (thymine) transition (Lindahl et al., 1977; Frederico, 1990). 
DNA polymerase can also incorporate dUTP (deoxyuridine triphosphate) instead of 
dTTP (deoxythymidine triphosphate) (Bessman et al., 1958). To prevent such a 
misincorporation, a low dUTP to dTTP ratio must be maintained (Greenberg and 
Somerville,1961). 
 
The DUT gene encodes the enzyme deoxyuridine triphosphatase (dUTPase), 
which hydrolyzes dUTP to dUMP and pyrophosphate. In the pyrimidine biosynthetic 
pathway, dUTP is produced by deoxygenation of UTP, deamination of dCTP, or 
phosphorylation of dUDP (Bertani et al., 1963; O'Donovan et al., 1971; Frederico et 
al., 1990).  To produce dTTP, four contentious reactions are necessary, including the 
formation of dUMP by removal of diphosphate from dUTP catalized by dUTPase, the 
uridine-thymidine transition by thymidylate synthase (TS), and the two-step kination 
of dTMP. While the production of dUTP depends on three routes, that of dTTP has 
only one. dUTPase can regulate the ratio between dUTP and dTTP by its enzymatic 
function, and this regulation is often critical (Vértessy and Tóth, 2009). This is 
because DNA polymerase can incorporate dUTP instead of dTTP, which eventually 
induces apoptosis (Ahmad et al., 1998). 
 
High level of uracil in DNA overloads the capacity of the uracil-directed base-
excision repair mechanism (Koehler and Ladner, 2004; Castillo-Acosta et al., 2012), 
which finally causes multiple DNA gaps and breaks (Merenyi et al., 2011). In the 
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base-excision repair path way, uracils are first specifically recognized and excised by 
the uracil DNA glycosylase, leaving abasic sites (Lindahl et al., 1977) that can be 
processed through successive incision, resynthesis and ligation (Friedberg et al., 
2006). During the repair process, a single-strand break can be transformed into a 
double-strand break if replication occurs at a nicked DNA site (Kouzminova and 
Kuzminov, 2006). 
 
DNA damage initiates a response pathway that arrests the cell cycle to provide 
time for repair of damage and induces the transcription of genes that facilitate repair 
(Elledge, 1996). Defects in this DNA damage response pathway can result in genomic 
instability, a mutagenic condition leading to cancer predisposition. Key regulators of 
the DNA damage response pathway are the phosphoinositide kinase homologs ataxia 
telangiectasia-mutated (ATM) and ATM- and Rad3-related (ATR), the protein 
kinases Chk1 and Chk2, and the tumor suppressor protein P53 (Elledge,1996). 
Therefore, ATM kinase plays a central role in signaling DNA double-strand breaks to 
cell-cycle checkpoints and to the DNA repair machinery. 
 
Homologous recombination is one of the mechanisms by which DNA double 
strand break can be repaired (Puchta et al., 1996). In eukaryotes, RAD51, the homolog 
of the Escherichia coli RecA, is essential for these steps. Five paralogs of the RAD51 
gene, including RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3 are required for 
efficient DNA double-strand break repair by homologous recombination. Lack of any 
paralog results in significant decreases in homologous recombination frequency 
(Chun et al.; 2013). In planarian, Dr-rad51 is required for chiasmata formation in 
meiosis stage (Chinone and Matsumoto, 2014) and this chiasmata formation leads to 
repairing of DNA double strand breaks and genetic recombination. 
 
Planarians are well known for their ability to regenerate whole animals from 
small pieces of tissue. Their regeneration requires a population of pluripotent adult 
stem cell neoblast that exists throughout the body and collectively produces all known 
differentiated cell types (Reddien et al., 2005b). Dr-piwi-2 and Dr-piwi-3 genes are 
involved in planarian regeneration and maintenance of homeostasis (Nakagawa et al., 
2012). Dr-pcna acts as a cellular proliferation gene in planarian regeneration. Again, 
 
Chapter 2  Biological studies of planarian dUTPase 
 
 
  
19 
Smed-p53 the homolog of Drp63 is predominantly expressed in newly made stem cell 
progeny (Pearson and Alvarado, 2010).  
 
In this study, it was hypothesized that Dr-dut plays critical roles in planarian 
life especially in the regeneration process. To test this hypothesis, firstly Dr-dut gene 
was knocked down by the RNAi silencing, and found that planarian death resulted 
after the knockdown. Second, it was reproduced the planarian death biochemically by 
the administration of 5-fluorouracil (5-FU). Then the genes were identified involved 
in the planarian responses to the Dr-dut knockdown by referring to known 
phenomena, including regeneration from amputation and radiation damage. 
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2.2 Results 
 
2.2.1 Effective Dr-dut RNAi silencing in planarian is lethal 
Feeding-based RNAi was used to increase RNAi efficiency (Fig. 2.1a) 
(Rouhana et al., 2013). While the control Dr-gapdh mRNA abundance was consistent 
after 8 days of Dr-dut RNAi administration, Dr-dut mRNA quantities decreased 
significantly (Fig. 2.1b). Dr-dut RNAi-fed planarians were morphologically abnormal 
compared to the control, non-RNAi planarians (Fig. 2.2a), exhibiting ventral curling 
beginning around Day 20 and lysing at about Day 28 (Fig. 2.2b). Behavior of Dr-dut 
silenced planarians also became very sluggish, and some individuals sometimes 
moved, abnormally, upside down. When Dr-dut RNAi planarians were amputated, 
both head and tail parts failed to regenerate properly, and died in 25 and 29 days, 
respectively (Fig. 2.3). These results suggested that Dr-dut knockdown in planarians 
is lethal, so Dr-dut plays critical roles in planarian survival.  
 
 
Figure 2.1 Feeding based Dr-dut RNAi in planarian. (a) Timeline of RNA 
interference. Periodic feeding was used to administer dsRNA. On the 8th day of Dr-
dut RNAi, planarians were amputated into head and tail parts, and regeneration was 
observed. (b) RT-PCR analysis showed a decreased Dr-dut mRNA level after 8 days 
of feeding. 
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a. 
 
 
 
 
 
 
 
 b. 
 
 
 
 
 
 
 
Figure 2.2 Effects of Dr-dut RNAi on intact planarians, D. ryukyuensis. (a) 
Planarian morphology. Control planarian without RNAi feeding showed a healthy 
body appearance over 30 days. RNAi-treated planarians showed progressive tissue 
loss in the head region by 12 days. Planarians exhibited the ventral curling phenotype 
by 20 days, and it finally lysed within 28 days. Scale bars: 1 mm. (b) Survival curve 
of intact planarians. Control planarians survived for >30 days (n=15), but all RNAi 
treated animals lysed within 28 days (n=15). 
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Figure 2.3 Effects of Dr-dut RNAi on amputated planarian, D. ryukyuensis. (a) 
Amputated RNAi planarian morphology. Head amputated part lysed within 25 days 
and tail amputated part lysed within 29 days. Scale bars: 1 mm. (b) Survival curve of 
amputated planarians. Control planarians survived for >30 days (n=15), but all 
amputated RNAi treated animals lysed within 29 days (n=15). 
 
2.2.2 Depletion of Dr-dut gene activity causes strand breaks in 
genomic DNA 
The possible causes of lethality due to Dr-dut silencing were examined by 
evaluating the frequency of genomic DNA breakdown (Mathews, 2006). On Day 12 
of Dr-dut RNAi, dissociated planarian cells were subjected to the alkaline comet 
assay (Fig. 2.4a–c), identifies cells with damaged DNA (Speit & Hartmann, 2006). 
Dr-dut-knockdown worms were strongly enriched in comet-positive cells: non-RNAi 
planarians showed 8.7% cells with comet tails, whereas Dr-dut RNAi planarians 
exhibited 81.0% (Fig. 2.4d). Such elevated DNA fragmentation in Dr-dut RNAi 
planarian is compatible with faulty uracil excision and apurinic site incision, leading 
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to the formation of DNA breaks—a phenotype consistent with the decrease of 
dUTPase reported in plants (Dubois et al., 2011).  
 
 
 
 
 
Figure 2.4 Detection of DNA damage in control and Dr-dut knockdown planarian 
cells assessed by alkaline comet assay. Control and Dr-dut knockdown planarian 
cells were subjected to the alkaline comet assay. (a) Dr-dut knockdown planarian 
cells exhibiting a long and bright tail related to DNA strand breaks. (b) Control 
planarian cells, showing a circular shape indicate the absence of DNA damage. (c) An 
enlarged single image of Dr-dut RNAi planarian cell showing comet formation 
comprising the head (undamaged DNA) and tail (damaged DNA). (d) Comet 
formation in Dr-dut RNAi and control planarian. Data are presented as the mean ± SD 
of three independent experiments. *p<0.05. Statistical analysis was performed using 
the two-tailed Student’s t-test. 
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2.2.3 5-FU-induced DNA damage and synergistic effects were 
observed with RNAi 
It was hypothesized that the DNA damage caused by Dr-dut silencing is due 
to a limited supply of thymidylate synthase (TS) substrate in the dTTP biosynthesis 
pathway, so it was asked if administration of 5-FU to block this enzyme would 
phenocopy the Dr-dut RNAi effect (Koehler & Ladner, 2004). Dr-dut-silenced and 
control planarians were exposed to 200 µM 5-FU in the water. After 8 days of 5-FU 
treatment (16 days after the start of Dr-dut RNAi), the expression of Dr-dut was 
reduced after 5-FU treatment, but not as significantly as with Dr-dut RNAi (Fig. 
2.5a). 5-FU-treated Dr-dut-knockdown planarian died within 24 days, whereas control 
planarian treated with 5-FU survived for 32 days, indicating the increased sensitivity 
of Dr-dut RNAi planarian to 5-FU compared to control planarian (Fig. 2.5b). 
 
Figure 2.5 Downregulation of the Dr-dut gene induces elevated sensitization 
effects to 5-FU in planarians. (a) Relative expression level of Dr-dut mRNA after 5-
FU treatment. (b) Planarian survival rate at the different experimental conditions. (for 
each experimental condition, n=16). Signs are: NS, Non-significant; *, p<0.05. 
Statistical analysis was performed using the two-tailed Student’s t-test. 
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Indeed, a slight synergistic effect was observed during co-treatments of RNAi 
and 5-FU (Fig. 2.6 a-e), with more DNA damage observed in Dr-dut RNAi plus 5-FU 
conditions (Fig. 2.7 and Table 2.1). This increase may be due to the accumulation of 
dUTP and saturation of dUTPase activity, which ultimately reduced dUTPase 
expression. Indeed, the abundance of Dr-dut mRNA was further reduced when Dr-dut 
RNAi planarians were treated with 5-FU, possibly due to uracil misincorporation, 
DNA breakdown, and finally cell death due to insufficient thymine levels. 
 
Table 2.1 Planarian DNA damage following RNAi or 5-FU administration, 
assessed by the alkaline comet assay. 
 Metrics of DNA damage  
Treatments Comet tail length (µm) Tail DNA (%) Comet Tail moment 
(arbitrary units) 
Control 20.69 ± 6.20 22.72 ± 11.92 2.49 ± 3.23 
5-FU 36.36 ± 8.76 30.48 ± 12.58 4.35 ± 3.75 
RNAi 48.25 ± 14.82 55.80 ± 13.22 12.96 ± 4.41 
RNAi+5FU 71.82 ± 13.84 87.94 ± 6.78 30.01 ± 6.44 
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 e. 
 
 
Figure 2.6 Dr-dut RNAi shows synergistic effects with 5-FU in planarians. 
Representative comet images of (a) control, (b) 5-FU treated, (c) Dr-dut RNAi, (d) 
Dr-dut RNAi treated with 5-FU planarian cells. (e) Comet formation in Dr-dut RNAi 
and control planarians treated with 5-FU, (n=3). Experiments were performed as 
described in the materials and methods section. Signs are: NS, Non-significant; *, 
p<0.05. Statistical analysis was performed using the two-tailed Student’s t-test. 
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Figure 2.7 Detection of DNA damage in control and Dr-dut knockdown 
planarians treated with 5-FU assessed by alkaline comet assay. (a) Comet tail 
length, (b) % DNA in tail, (c) Tail moment are presented as mean ± SD of three 
independent experiments. Experiments were conducted in a fixed concentration of 5-
FU (200 µM) administration for more than 35 days. Experiments were performed as 
described in the materials and methods section. 
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2.2.4 Dr-dut gene is required for planarian regeneration 
Since the DUT gene is involved in DNA replication by maintaining the 
appropriate dNTPs pool, it was expected to have important roles in planarian 
regeneration. It was investigated the effects of Dr-dut gene silencing during 
regeneration. Asexual planarians that ingested food containing dsRNA were 
transversely amputated into head and tail parts at specific points along the 
longitudinal axis and were allowed to regenerate. Although both amputated parts 
produced white blastema with minimal tissues, they finally failed to regenerate with 
exhibiting lysis phenotype. It was examined the expression levels of neoblast markers 
Dr-pcna, Dr-piwi-2, and Dr-piwi-3 (Nakagawa et al., 2012) in intact RNAi worms 
(Fig. 2.8a) and amputated RNAi worms (Fig. 2.8b-c) and found that they were 
reduced. It was also examined the expression level of stem cell early progeny marker 
Dr-p63 and found its reduced expression in Dr-dut knockdown planarians (Fig. 2.9). 
 
When intact planarians were irradiated with X-rays, the adult stem cell 
neoblasts lost their ability to proliferate, and the worms died. In irradiated 
planarians, the expression of stem cell markers was decreased (Eisenhoffer et al., 
2008). Therefore, it was examined the expression level of the Dr-dut gene 
following X-ray irradiation. The expression level of the Dr-dut gene decreased to 
approximately 23.6% after irradiation (Fig.2.10). These results indicated the 
expression of Dr-dut gene in stem cell neoblasts.  
 
To confirm whether the Dr-dut gene is expressed in stem cell neoblasts, 
whole-mount in situ hybridization (WISH) was performed in asexual worms using 
neoblast markers Dr-piwi-1 and Dr-h2b as positive control. The expression of Dr-dut 
gene was extensive posterior to the photoreceptor except in the pharynx as like Dr-
piwi-1 and Dr-h2b neoblast markers (Fig. 2.11).  
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2.2.5 Dr-dut RNAi affects the expression level of Dr-rad51, Dr-rad51c 
and Dr-atm genes 
 
It was assessed whether Dr-dut gene silencing affects the expression of genes 
involved in DNA repair, including Dr-rad51 and Dr-rad51c; and in the DNA damage 
response gene, Dr-atm. On the day 8 after Dr-dut knockdown, the expression levels of 
Dr-rad51, Dr-rad51c, and Dr-atm genes were elevated (Fig. 2.12). Then expression 
levels of these genes were lower by the 12th day of the silencing of the Dr-dut gene. 
The expression levels decreased as time went by, until the planarian death on the day 
28 (Fig. 2.2). It was also observed the expression level of these genes after amputation 
of Dr-dut knockdown planarians. In the amputated head part, their expression reduced 
significantly compared to the control at all times of observation. Although the 
expression levels of these genes reduced in the amputated tail planarians, on the day 
12 of knockdown, their expression was higher than that of the head amputated part. 
The amputated head planarian died earlier (Fig. 2.3). These data suggested that 
silencing of the Dr-dut gene affects the expression level of Dr-rad51, Dr-rad51c and 
Dr-atm genes. When planarians were amputated, expression levels of the genes 
involved in DNA repair seemed to be weaker in the amputated head part than that in 
the tail part, which finally led to earlier death due to less active DNA repair 
mechanism in the anterior part of the organism. 
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2.3 Discussion 
 
Dr-dut RNAi induced more DNA damage in planarians, which was 
reproduced biochemically by 5-FU administration. This DNA damage was postulated 
to be a consequence of excess dUTP accumulation, given that high levels of uracil in 
DNA can overload the capacity of the uracil-directed base-excision repair mechanism 
(Castillo-Acosta et al., 2012). The DNA damage likely induced chromosomal 
fragmentation (Koehler & Ladner, 2004), and consequently ended with thymine-less 
cell death (Johansson et al., 2003; Longley et al., 2003).  
 
Inhibition of thymidylate synthase using 5-FU induced a metabolic blockade, 
resulting in depletion of thymidylate synthase and a corresponding accumulation of 
the thymidylate synthase substrate dUMP, which can be phosphorylated to dUTP. 
When cellular levels of dUTP increase, dUTPase activity becomes saturated as it 
attempts to catalyze the reverse reaction of dUTP back to dUMP (Wilson et al., 
2014). The saturation response would reduce dUTPase expression, further increasing 
the accumulation of dUTP, which can result in the misincorporation of uracil into 
DNA. This homeostatic dependency on balanced dUTPase activity was supported by 
the synergistic reduction in Dr-dut expression upon co-administration of 5-FU with 
Dr-dut RNAi, which resulted in more DNA breaks and earlier planarian death.  
 
Genomic DNA breakdown following Dr-dut RNAi induced some of the genes 
involved in DNA repair. In plants, RAD51 is strongly induced following gamma 
irradiation, which produced DNA double-strand breaks (Doutriaux et al., 1998). 
RAD51 normally remains in an inactive form that is poised for relocalization and 
activation at potential sites of DNA repair (Davies et al., 2001). As expected 
following DNA fragmentation (Venkitaraman, 2001), Dr-dut gene knockdown in 
planarians caused an initial, significant increase in expression of the DNA damage 
response gene Dr-atm and DNA repair genes Dr-rad51 and Dr-rad51c compared to 
controls, but this response gradually decreased until the organisms died.  
 
Dr-dut RNAi affected planarian regeneration. Dr-dut transcript was present in 
distinct cells of the mesenchyme (Fig. 2.11), with a pattern reminiscent of other 
neoblast markers (Reddien et al., 2005), suggesting its expression in neoblasts. 
Ventral curling and lysis were observed in Dr-dut RNAi planarians, which are 
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phenotypes reported following the damage of stem cells by X-ray irradiation (Guo et 
al., 2006; Reddien et al., 2005). Expression of neoblast markers Dr-pcna, Dr-piwi-2, 
and Dr-piwi-3 was decreased significantly—but not entirely—in Dr-dut RNAi 
planarians, indicating that Dr-dut knockdown does not completely eliminate the 
neoblast population. Growth of neoblast progeny after primary differentiation was 
likely affected, however, given the reduced expression of the stem cell early progeny 
marker Dr-p63 in Dr-dut-silenced planarians. One likely source of this impaired 
regeneration could be the poor expression of DNA-repair-related genes in the 
amputated Dr-dut- RNAi planarians. This was fortuitously evident by the elevated 
expression of Dr-atm, Dr-rad51, and Dr-rad51c in the head compared to the tail part, 
suggesting the presence of less efficient DNA repair in the amputated head part. This 
could be due to the residence of fewer neoblasts in the anterior region of planarian. 
Fewer cells with less DNA repair would leave those cells with unrepaired genomic 
DNA at higher risk for malignancy or apoptosis (Peiris et al., 2016), which is 
consistent with the observed earlier death of the head parts of amputated planarians.  
 
Our results thus present evidence that Dr-dut may be required for cellular 
proliferation during regeneration and for the maintenance of homeostasis in planarian, 
as its silencing is destructive to the organism. Genomic DNA breakdown caused by 
Dr-dut silencing induced the expression of genes involved in DNA repair, but was 
ultimately lethal, possibly because these RNAi-fed planarians were incapable of 
regeneration. Synergistic effects of Dr-dut RNAi and 5-FU resulted in a higher 
genotoxicity—results that are particularly important from a clinical standpoint 
because 5-FU is often administered as part of a chemotherapy regime to patients with 
cancers that may have decreased levels of dUTPase (Ladner et al., 2000).  
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2.4 Materials and methods 
 
2.4.1Animals 
The planarian D. ryukyuensis OH strain was provided by Dr. S. Ishida of 
Hirosaki University, Japan. The worms were maintained at 20°C in dechlorinated tap 
water and fed chicken liver 2 days in a week. 
 
2.4.2 Plasmid construction 
Fragments of Dr-dut gene were amplified by PCR and cloned into the 
pGEM®-T Easy vector (Promega Corp., Madison, WI, USA). The primers utilized 
for this procedure are listed in Table 2.2. Two dsRNA synthesis templates that added 
a T7 promoter to one end of each strand were amplified by PCR using the plasmid 
described above with two sets of template primers (Table 2.2). The dsRNAs were 
synthesized from each template using the T7 Ribo MAXTM Express Large-scale RNA 
Production System (Promega). 
 
2.4.3 RNAi gene silencing 
The dsRNA was mixed with chicken liver homogenate at a concentration of 
0.5 mg/ml, and stored at −80 °C (Nakagawa et al., 2012; Reddien et al., 2005). Dr-dut 
gene function was silenced in intact asexual planarians by feeding them with chicken-
liver homogenate containing dsRNA (0.5 mg/ml) every 3 days. For amputation 
experiments, the heads and tails were amputated after the fourth feeding (Day 8). 
Control animals were fed dsRNA-free liver homogenate but handled the same way. 
Reverse transcriptase polymerase chain reaction (RT-PCR) was performed, as 
described below, to confirm gene suppression; the primers were designed to span the 
RNAi region.  
 
2.4.4 Reverse transcriptase polymerase chain reaction (RT-PCR) 
Total RNA was isolated using Sepasol-RNA I Super (Nacalai Tesque, Inc., 
Kyoto, Japan), treated with DNase (Promega), and transcribed using a ReverTra Ace 
Kit (Toyobo, Tokyo, Japan). Sequence for Dr-atm; Dr-rad51; Dr-rad51c; Dr-piwi-1; 
Dr-piwi-2; Dr-piwi-3; Dr-h2b; and Dr-p63 were obtained from the D. ryukyuensis 
EST database (Ishizuka et al., 2007). Sequence of Dr-pcna was identified by 
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homology to Dj-pcna (Orii et al., 2005). Dr-gapdh was identified as an internal 
control. Amplification of was performed using a set of specific oligonucleotide 
primers (Table 2.2).  
 
Table 2.2. Summary of gene-specific primer sequences designed for the RT-PCR 
analyses. 
 Oligonucleotide sequence (5´ – 3´) 
Gene Forward primer Reverse primer 
Dr-dut TGTCTGCTTTGAAAGTGTTGAGA CCACCTTCACCACGTTCTGT 
Dr-rad51 GGAATTCAACTGCTGGTATTAGTTCAATGG CGGGATCCATCATCGCCGCTGCTGTAACTA 
Dr-rad51c CGGAATTCCAATGAGCATGAAACTTGACGA CGGGATCCTGCTCATATTTTGCCCGAAAAC 
Dr-atm CTTCAACACCGAATGGTCCT TTGAATGGTGTGAAGGGACA 
Dr-piwi-1 GCTATCATAGAGCCAACTTTGC  CAGCGATGACCGAATTTTCATTAAG  
Dr-piwi-2 GGAACTCGAGGTGGCCTACGTA CGAGGTACTTCGTCCTTTGTTA 
Dr-piwi-3 CGAAGTCGTGGGTTGTTAATGC GAGTAGGATGTTCACGGCG 
Dr-pcna CCTCGGAAGTAACGACTCTC ATAGCCTCACCCATCTGACT 
Dr-p63 CCAATGGAAATGATCGTCCCC ACAAACTCGTTTCGTTGCCG 
Dr-gapdh CTGTTGTCGATTTGACCTG AAAGTCTTGACTGACCACTTC 
Dr-dut RNAi sense  GTAAAACGACGGCCAGT CCACCTTCACCACGTTCTGT 
Dr-dut RNAi anti-sense  TAATACGACTCACTATACCACCTTCACCACG TGTCTGCTTTGAAAGTGTTGAGA 
   Primer pairs were designed by Primer 3 software (Untergasser et al.,2012). 
 
2.4.5 Comet assay 
The alkaline comet assay was performed as described by Singh et al. (1988), 
with some modifications. To evaluate DNA migration, a total of 300 cells were scored 
for each experimental condition. I counted 100 cells from 1 planarian. Individual cells 
were visualized at 40× magnification under an Axio-Cam MRc5 (ZEISS) fluorescent 
microscope. DNA damage was determined using a computer-aided comet assay 
image analysis system (Comet Assay IV, Perceptive Instruments, Bury St Edmunds, 
UK) by measuring the length of DNA migration and the percentage of migrated DNA 
(Fig. 2.13).  
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2.4.6 X-ray irradiation 
The planarians were placed on wet filter paper on ice, and exposed to 10 Gy of 
X-ray irradiation using a SOFTEX E-3 ultra-soft X-ray generator (Softex Co., Ebina, 
Japan). Four days after X-ray irradiation, planarians were used for RNA extraction. 
Then RNA was extracted on the day 4, 8 and 10 of X-ray irradiation. 
 
2.4.7 Whole-mount in situ hybridization (WISH) 
Whole-mount in situ hybridization (WISH) was performed as described 
elsewhere (Umesono et al., 1997). Digoxigenin-labeled riboprobes were synthesized 
using an In Vitro Transcription Kit (Roche Applied Science, Indianapolis, IN, USA).  
 
2.4.8 5-FU application 
The 5-FU (Nacalai Tesque, Inc., Kyoto, Japan) is an antimetabolite drug that 
is widely used in medical science. To detect the enhanced cellular sensitivity of Dr-
dut silenced planarian to 5-FU, this drug was administered at a specific concentration. 
After Dr-dut knockdown, the planarians were exposed to 200 µM 5-FU water for 35 
days. Then, the changes in their phenotypes were observed and after 8 days of 5-FU 
treatment, the alkaline comet assay was performed to investigate the genomic DNA 
fragmentation. In case of 5-FU administration, a total of 64 planarians were used (16 
planarians for each experimental condition). Randomly 3 planarians were taken from 
each experimental condition for the examining of DNA breakage. 
 
2.4.9 Statistical analysis 
All experiments were repeated in triplicate. Data were presented as means ± 
SD. Levels of significance for comparisons between samples were determined using 
the Student's t-test distribution. Statistical analyses among more than three samples 
were performed by ANOVA. 
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a.  
b. 
c. 
 
 
Figure 2.8 Expression of neoblast markers in Dr-dut RNAi planarians. Expression 
of neoblast markers in (a) intact planarians (b) head amputated planarians (c) tail 
amputated planarians on the day 12 of Dr-dut RNAi using RT-PCR. 
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Figure 2.9 Expression of neoblast early progeny markers in Dr-dut RNAi 
planarians. Expression of neoblast early progeny marker Dr-p63 in intact and 
amputated planarians on the day 12 of Dr-dut RNAi. The quantified expression level 
of Dr-p63 was reduced in both intact and amputated planarians on the day 12 of Dr-
dut RNAi. 
 
 
Figure 2.10 Expression of neoblast markers in Dr-dut RNAi and X-ray-
irradiated planarians. Expression of Dr-dut gene was reduced in X-ray irradiated 
planarians as like the other neoblast markers. (-), Not irradiated; 4d, 4 days after 
irradiation; 8d, 8 days after irradiation; 10d, 10 days after irradiation.  
 
 
 
 
 
 
 
 
 
Chapter 2  Biological studies of planarian dUTPase 
 
 
  
37 
 
 
Figure 2.11 Whole-mount in situ hybridization (WISH) to show the expression 
pattern of Dr-dut and other neoblast markers Dr-piwi-1 and Dr-h2b in 
planarians. The white scale bars indicate 1.0 mm. Experiments were performed as 
described in the materials and methods section. 
    
a.                b. 
 
 
Figure 2.12 Effects of Dr-dut downregulation on the expression level of genes 
involved in DNA repair in planarians. (a) Expression of DNA repair genes Dr-
rad51, Dr-rad51c, and DNA damage response gene Dr-atm on the day 8 and 16 after 
Dr-dut knockdown using RT-PCR. (b) Comparative expression level of DNA repair 
genes Dr-rad51, Dr-rad51c, and DNA damage response gene Dr-atm on the day 
0(control), 8, 12 and 16 after Dr-dut RNAi using RT-PCR. 
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Figure 2.13 Schematic illustration of comet assay. 
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Chapter 3 
 
Biochemical studies of planarian dUTPase 
 
3.1 Introduction 
 The DUT gene encodes the enzyme deoxyuridine triphosphatase (dUTPase, EC 
3.6.1.23), which hydrolyzes dUTP to dUMP and pyrophosphate (Bertani et al., 1961). 
dUTPase is a ubiquitous and important enzyme responsible for regulating levels of 
dUTP. Furthermore, it plays an essential role in de novo biosynthesis of dTTP by 
furnishing the substrate for thymidylate synthase. Its widespread presence in a variety 
of organisms, including bacteriophages and certain retroviruses with relatively small 
genomes, suggests that the dUTPase is vital to DNA replication in all systems 
(Kornberg et al., 1991).  
 
 The most dUTPases, studied so far, are homotrimers. But they can also occur 
as monomeric, dimeric. Homotrimeric dUTPases have three active sites, each of which 
consists of five conserved motifs (Vertessy et al., 2009) (Fig. 3.1). An aspartate in motif 
1 interacts with active site water molecule to stabilize the divalent cation co-factor 
Mg2+, which is important for enzymatic activity (Oliveros et al., 1999). A serine in 
motif 2 interacts with the oxygen atom between α, β-phosphate to induce a reaction-
favorable orientation (Palmen et al., 2008) (Ser 67 in D. ryukyuensis dUTPase). An 
aspartate in motif 3 activates catalytic water (Barabas et al., 2004); a glutamine in motif 
4 also interacts with the catalytic water and the ligand (Takacs et al., 2010). Interactions 
between ligands and residues in motif 5 help orient the ligand so that the α phosphate 
locates close to the catalytic water (Varga et al., 2007)]. However, the mechanism for 
defining the substrate affinity remains unclear yet now.  
 
 In biological studies, it was observed that the lack of dUTPase is critical for 
planarian life and is very essential for cellular proliferation during regeneration and also 
for the maintenance of homeostasis. After investigating the biological function of Dr-
dUTPase, it was sought the biochemical properties of this enzyme. This study reports 
the expression, purification and biochemical characterization of Dr-dUTPase from E. 
coli BL21 (DE3) cells in which the gene has been over expressed. Substrate specificity, 
 Chapter 3                                                                                                  Biochemical studies of planarian dUTPase 
           
 
 
40 
cation requirement, molecular mass and kinetic behavior have been established and also 
the dUTPase active site was determined by the homology modeling. D. ryukyuensis 
dUTPase exhibits particular properties that differentiate it from the other dUTPases. 
 
 
 
    (Inoguchi et al., 2015) 
 
Figure 3.1 The 3D structure of a typical subunit of homotrimeric dUTPase. The 
five conserved motifs are shown as M1, M2, M3, M4, and M5. All the motifs are 
illustrated by gray color. 
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3.2 Results  
 
3.2.1 Bioinformatic analysis of Dr-dut open reading frame (ORF) as a 
potential dUTPase 
 The Dr-dut gene sequence was analyzed using the online bioinformatics tools 
(http://www.ncbi.nlm.nih.gov) for sequence similarity with other species. ExPASy 
proteomic tools (http://www.expasy.ch/tools/) were used for deducing the amino acid 
sequence, calculation of the theoretical molecular mass and pI. The planarian Dr-dut 
gene contained an ORF of 459 bp was submitted to NCBI GenBank Database. The 
planarian DUT ORF encodes polypeptide of 153 amino acid residues with apparent 
molecular mass and pI of 16.8 kDa and 5.72 respectively. CDD search revealed that 
planarian DUT belongs to trimeric dUTPase superfamily (Fig 3.2). dUTPase sequence 
from planarian contains five conserved motifs. 
 
 
 
Figure 3.2 Conserved Domain Database (CDD) search for Dr-dUTPase on the 
NCBI server. 
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 The secondary structure of dUTPase predicted by PSIPRED server showed 1 α-
helix, 10 coils and 8 β-sheets as shown in Fig 3.3 (McGuffin et al., 2000). 
 
 
 
Figure 3.3 Secondary structure of planarian homotrimeric dUTPase predicted 
by PSIPRED server. α-helix, coils and β-sheets were highlighted in pink, black and 
yellow color respectively.  
 
3.2.2 Identification of dUTPase motifs and phylogenetic analysis 
 The deduced amino acid sequence of the Dr-dUTPase was aligned and 
compared with the sequences of other dUTPases (Fig. 3.4). The Dr-dUTPase showed 
a high degree of similarity to that of dUTPase from Homo sapiens but it showed the 
lowest similarity with Escherichia coli (Table 3.4). However, the amino acid sequence 
alignment revealed five conserved regions, with the same arrangement of motifs as all 
homotrimeric dUTPases. A phylogenetic tree was also constructed using known 
dUTPase sequences from different organisms by phylogeny.fr program (Dereeper et 
al., 2010). The analysis revealed that Dr-dUTPase was grouped in the Cluster of H. 
sapiens (Fig. 3.5). 
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Figure 3.4 Multiple alignment of amino acid sequences of dUTPase homologs from 
D. ryukyuensis, H. sapiens, A. thaliana C. cerevisiae and E. coli. Five identified or 
putative dUTPase amino acid sequences were aligned by ClustalW. The alignment was 
conducted by ClustalW through Geneious 8.0 program. The five conserved motifs 1–5 
are indicated on below of the sequences. The five conserved dUTPase motifs are 
marked as M1, M2, M3, M4, M5 with gray shading.  
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Figure 3.5 Phylogenetic relationship of Dr-dUTPase with other dUTPases. The 
evolutionary tree was formed using the phylogeny.fr program. All branch lengths are 
proportional to the distances between sequences. 
 
3.2.3 Expression and purification of Dr-dUTPase 
 The recombinant plasmid pET15b_Dr-dut was transformed into an expression 
host E. coli BL21 (DE3) which is a specific bacterial strain designed for expression of 
genes regulated by the T7 promoter. The expression vector was chosen based on the 
presence of sequences encoding six histidine residues in the frame of vector. The 
polyhistidine and Dr-dut fusion protein would have an estimated size of about 18 kDa 
on SDS–PAGE. The expected distinct band of around 18 kDa was observed. Therefore, 
the results obtained from SDS–PAGE suggesting that the Dr-dUTPase has been 
successfully over expressed in E. coli BL21 (DE3) (Fig. 3.7). 
 
 The addition of IPTG induced the overexpression of dUTPase. The expressed 
protein was purified successfully via affinity chromatography using Ni-NTA resin (Fig. 
3.6). The purification and desalting process resulted in the yield of about 20 mg of 
purified protein from 250 mL LB using pET expression system. The obtained results 
showed that pET system was very efficient. The resulting dUTPase included three extra 
amino acids, Gly–Ser–His, at the amino-terminus. 
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Figure 3.6 Dr-dUTPase purification mechanism using Ni-NTA His Trap column. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7 SDS-PAGE analysis of purified Dr-dUTPase. (a) Dr-dUTPase (His-
tagged) after affinity chromatography using Ni-NTA column. Lane assignments: M, 
Molecular weight marker; lane-1, Clear lysate after sonication of cell pellet; lane-2, 
Flow through of HisTrapTM HP column chromatography; lane-3, Flow through during 
washing of the column; lane 4-6, Eluted His-tagged dUTPase. (b) Purified Dr-dUTPase 
after removal of His-tag. Lane assignments: M, Molecular weight markers; lane-1, Dr-
dUTPase after thrombin cleavage to remove His-tag; lane-2, dUTPase before thrombin 
cleavage. Electrophoresis was performed on a vertical gel using 18% polyacrylamide, 
and the gel was stained with CBB. 
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3.2.4 Crosslinking of Dr-dUTPase  
Subunit arrangement was studied by using the crosslinking agent 
glutaraldehyde. Analysis by SDS-PAGE showed the presence of 54 kDa band which 
was absent in the lane corresponding to the untreated enzyme with crosslinker (Fig. 
3.8). This result indicates the trimeric arrangement of D. ryukyuensis dUTPase in the 
active protein unit.  
 
 
 
Figure 3.8 Crosslinking of Dr-dUTPase. Lane M, Molecular weight marker; Lane 1, 
dUTPase in the absence of crosslinker incubated 15 min on ice; Lane 2-4, dUTPase 
incubated with 0.025% glutaraldehyde during 5, 10 and 15 min respectively. 
 
3.2.5 Enzymatic activity of Dr-dUTPase 
Standard procedures were used to determine the kinetic parameters (Larsson et 
al., 1996b). The planarian, D. ryukyuensis dUTPase showed enzymatic activity, with 
estimated Km and Vmax values of 4.0 ± 0.4 µM and 20.96 ± 1.57 µMs−1, respectively, at 
pH 8.2 and 25 °C (Fig. 3.9 and Table 3.1). The Km value is comparatively higher than 
other organisms suggesting the enzyme belongs to the low substrate-affinity group, 
which also includes the H. sapiens (Table 3.1). 
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Figure 3.9 Complete hydrolysis of dUTP by Dr-dUTPase under multiple-turnover 
conditions. The inset graph shows the integrated Michaelis–Menten equation fit to the 
absorbance data shown. The solid line in the figure shows the best-fit line used to 
estimate the Km value. 
 
Table 3.1 Comparative kinetic parameters Km (µM), kcat (s-1) and specificity 
constant (M-1s-1) of Dr-dUTPase with other dUTPases from different sources. 
dUTPase sources Km (µM) kcat (s-1) kcat/Km (M-1s-1) 
D. ryukyuensis 4.0 ± 0.4 3.4 x 10 ± 3.0 8.5 x 106 
H. sapiens a 3.6 ± 1.90 8.0 ± 3.0 1.9 x106 
A. thaliana b 0.4 ± 0.10 24.0 6.0 x107 
E. coli c 0.2 8.0 4.0 x107 
L. major d 2.11 49.0 2.3 x107 
    a 
Toth et al., 2007; 
b 
Inoguchi et al., 2015; 
c
 Larsson et al.,1996b; 
d Hidalgo-Zarco et al., 
2001. 
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3.2.6 Hydrolysis of other nucleotides 
The hydrolysis of different nucleotides by Dr-dUTPase was studied under the 
same conditions as used in the measurements of dUTP hydrolysis. The enzyme assay 
was carried out using as substrates dATP, dTTP, dCTP, and dGTP at a final 
concentration of 100 µM, and 6µM of dUTPase. All nucleotides tested were 
inefficiently hydrolyzed compared to the substrate dUTP. The Table 3.2 shows the Km 
and kcat values obtained with the different other nucleotides. The rate of hydrolysis of 
dTTP was comparatively lower and the Km value of dGTP was higher. But dCTP 
showed higher specificity constant. 
 
Table 3.2 Catalytic parameters Km (µM), kcat (s
-1) and specificity constant (M-1s-1) 
of Dr-dUTPase for different nucleoside triphosphates. 
Substrate Km (µM) kcat (s-1) kcat/Km (M-1s-1) 
          dUTP (n=7) 4.0 ± 0.4 3.4 x 10 ± 3.0 8.5 x 106 ± 1.1 x 106 
dATP 9.4 x 10 ± 1.2 1.5 ± 0.2 1.6 x 104 ± 2.1 x 103 
dTTP 1.1 x 102 ± 7.2 1.4 ± 0.3 1.3 x 104 ± 2.8 x 103 
dCTP 7.7 x 10 ± 3.5 1.6 ± 0.2 2.1 x 104 ± 2.7 x 103 
dGTP 2.1 x 102 ± 1.0 x 10 2.9 ± 0.5 1.4 x 104 ± 2.4 x 103 
  
  Measurements were triplicated (n=3) 
 
3.2.7 Metal ion requirement  
In the absence of Mg2+, Dr-dUTPase was totally inactive. No significant 
enzymatic activity was observed when the Mg2+ is replaced by Ca2+. The Vmax value 
increased with the increasing concentration of MgCl2. No changes in the apparent Km 
value was observed when MgCl2 concentration was raised from 5 mM to 25 mM. The 
addition of Mn2+ instead of Mg2+ to the reaction mixture produced an increase Km and 
Vmax about 2-fold the value obtained in the presence of Mg2+ at the same concentration. 
 
The pH variation during the reaction was different depending on the metal ion 
used because the decrease in the absorbance measured was different. This observation 
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suggests that the nature of the ion used in the reaction has an important role in the 
number of protons released during the hydrolysis of dUTP. 
 
Table 3.3 Metal ion requirements for the dUTPase activity.  
Metal ions Km (µM) Vmax (µM s-1) kcat (s-1) 
5mM MgCl2 4.0 ± 0.4 20.96 ±1.57 34.0 ± 3.0 
25mM MgCl2 4.65 ± 0.2 33.91 ± 0.95 56.51 ± 1.59 
5mM MnCl2 7.30 ± 1.28 47.65 ± 6.87 3.97 ± 0.58 
5mM CaCl2 ND ND ND 
No metal ion ND ND ND 
    
    ND, not determined. 
 
3.2.8 Active site identification 
 From the built homology model of D. ryukyuensis dUTPase, it was observed 
that Ser 67 of motif-2 and neighboring amino acid Leu 71 after a rotation in the alpha-
helix, may affect the substrate binding in the active site (Fig. 3.10). Due to the 
hydrophobic nature of Leu 71, it cannot hold the hydrated substrate well for its short 
side chain. Leu 71 may tend to away from the catalytic water located in active site, thus 
making poor binding capacity to the substrate.  
 
Table 3.4 Comparison of secondary structures and interactions at the ligand-
binding site of different dUTPase. 
 α helix  
1st res  
α helix  
5th res  
α1st–
WAT–α5th  
Km Sequence 
similarity 
PDB ID 
D. ryukyuensis   S76 L71 ND 4.2 µM self - 
A. thaliana a S89 W93 Absent 0.4 µM 55.5% 4OOP 
H. sapiens b       S86 A90 Absent 3.6 µM 67.6% 3ehw 
S. cerevisiae c S69 V73 Absent 13.2 µM 46.9% 3P48 
E. coli d S72 H76 Absent 0.5 µM 26.4% 1RN8 
ND, not determined; a Inoguchi et al., 2015; b Toth et al., 2007; c Tchigvintsev et al.; 
2011; d Barabas et al., 2004. 
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a. 
 
 
b. 
 
 
 
Figure 3.10 Three-dimensional (3D) structure of D. ryukyuensis dUTPase. (a) D. 
ryukyuensis dUTPase with homotrimeric arrangement illustrated with three different 
colors. (b) The structure of D. ryukyuensis dUTPase active site with ligand and Mg2+. 
The cylinders in each subunit represent only one helix, which contains Ser 67 and Leu 
71 amino acid residues.  
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3.3 Discussion  
 
 In the present study, it was shown that the deduced polypeptide had 153 amino 
acid residues and an inferred molecular mass of 16.8 kDa. A conserved domain 
database search revealed that the planarian dUTPase belongs to the homotrimeric 
dUTPase superfamily. A multiple alignment of different dUTPase amino acid 
sequences from different organisms demonstrated that Dr-dUTPase shares high amino 
acid identity with many other organisms, with the 5 conserved motifs forming the active 
site being well conserved.  
 
Using a bacterial system, Dr-dUTPase was successfully overproduced and 
purified. Dr-dut ORF encoded a functionally active dUTPase enzyme that could 
catalyze the hydrolysis of dUTP. It exhibited particular properties that differentiated it 
from the other dUTPases. The kinetic constants for the hydrolysis of dUTP were similar 
to other dUTPases, with a low Km and a higher specificity constant for dUTP. However, 
the Km value of Dr-dUTPase was comparatively higher than other dUTPases suggesting 
the enzyme belongs to the low substrate-affinity group, which also includes the H. 
sapiens. Crosslinking of Dr-dUTPase was informative in demonstrating the interaction 
of Dr-dUTPase monomer that ensures the homotrimeric arrangement in the active 
protein unit. 
 
 Traditionally enzymes are considered as specific catalysts that is based on the 
notion of “one enzyme-one substrate-one reaction”. But many enzymes are capable of 
catalyzing other reactions and/or transforming other substrates, in addition to the ones 
for which they are physiologically specialized or evolved. Several enzymes evolved to 
perform a certain reaction on a whole range of similar substrates, rather than on a single 
substrate. Their broad specificity is therefore an inherent, evolved function, and they 
are regarded as multispecific enzymes. The Dr-dUTPase exhibited this special 
behavior. Functional analysis showed that Dr-dUTPase was not completely specific for 
its substrate dUTP. It has also a hydrolyzing capacity to other several nucleotides that 
is generally rare in other dUTPases. The broad substrate specificity of Dr-dUTPase 
distinguished it from others. This distinctive nature of Dr-dUTPase may have relation 
with their regeneration phenomena. As dATP, dTTP, dCTP, and dGTP can be 
hydrolyzed by Dr-dUTPase to form dAMP, dTMP, dCMP, and dGMP respectively 
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(http://brenda-enzymes.org/enzyme.php?ecno=3.6.1.23), these can be directly 
incorporated into the growing DNA strand during the DNA replication. As a result, 
accelerated DNA replication may trigger planarian regeneration. In Leishmania major, 
dUTPase exhibits a low degree of multiple substrate specificity to other common 
nucleotides in addition to dUTP. But there is no regeneration related data on this 
pathogen.  
 
 A wide variety of metal ions are found in the environment and in the body. They 
serve many functions in proteins, the most important of which is the modification of 
protein structures, enhancement of the structural stability of the proteins in the 
conformation required for biological function or take part in the catalytic processes of 
enzymes. For some enzymes, the presence of metal ions is crucial for the activity. Dr-
dUTPase is one of them where Mg2+ plays an important role in its catalytic activity. The 
absolute requirement of divalent metal ion in the hydrolysis of dUTP has been 
demonstrated by the findings that metal-free dUTP is not hydrolyzed by Dr-dUTPase 
and that Mg2+ enhances the binding of dUTP. Dr-dUTPase showed a maximum of 
activity at 5 mM of Mg2+ and almost 2-fold Vmax value was obtained with Mn
2+ at the 
same concentration. With the latter ion, the Km value was also 2-fold higher, suggesting 
that the metal ion might play an important role in the binding of dUTP to the active site. 
Accordingly, Ca2+ could not substitute Mg2+ in catalysis, probably due to the greater 
bulk of this ion compared with that of the Mg2+ or Mn2+ ion which can disturb the 
binding of the substrate to the active site, avoiding the hydrolysis. No changes in the 
apparent Km could be observed when the concentration of the Mg
2+ 
was raised from 5 
to 25 mM, indicating that a dUTPase Mg complex, with the metal in the substrate 
pocket, must have a dissociation constant higher than 25 mM. In fact, the metal removes 
electron density from the ligand and causes polarization of the substrate/cofactor 
reactive bonds, thereby increasing its electrophilic nature. The metal ions participate in 
the coordination of the phosphates in the substrate, allowing for a correct orientation 
and recognition of the substrate in the active site.  
 
 In structural analysis of Dr- dUTPase, a sequence motif SxxxZ, where Ser from 
the motif 2 and neighboring single amino acid from Z-position after a rotation in the 
alpha-helix, seems to define the acceptance of hydrated substrate (Fig. 3.10). In 
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Arabidopsis dUTPase, it was proposed that the SxxxW motif where Ser 89 and Trp 93 
defines the affinity to the substrate (Inoguchi et al., 2015). In human dUTPase, it has 
SxxxA, and shows lower affinity to dUTP. Because, the side chain of Ala is too short 
to hold the hydrated substrate well. Simply Ala has a nonpolar side chain.  In D. 
ryukyuensis, it was SxxxL where Leu 67 is similar to Ala. Because Leu is hydrophobic 
in nature having short side chain. Therefore, the affinity to the substrate in Dr-dUTPase 
was low as like as that of human dUTPase. But in other planarians dUTPase, they have 
either Trp or Phe at the Z-position. They may provide better holding of the hydrated 
substrate, like the plant dUTPase does.  
 
 In Arabidopsis dUTPase, Trp 93 holds Ser 89 in place via a water molecule and 
forms a favorable conformation for substrate binding. This particular orientation was 
likely due to the presence of a nearby water molecule, which bridges its interaction with 
Ser 89. In D. ryukyuensis dUTPase, this special orientation between Ser 67 and Leu 71 
with water molecule may be not present that determine lower affinity. Additionally, Ser 
67 residue’s side-chain oxygen atom may be located away from the nitrogen atom 
between α, β-phosphate of the ligand as like human and yeast, that may be responsible 
for the lower binding affinity.   
 
 In conclusion, Dr-dUTPase has comparatively lower binding affinity. 
Therefore, observed kinetic properties and amino acid composition reflects the nature 
of aquatic organisms, probably suggesting that Dr-dUTPase activity is determined by 
hydrogen bonding and periodic electric field effects. And the broad substrate specificity 
of Dr-dUTPase differentiates it as a distinct nucleotide hydrolyzing enzyme that may 
have a relation with the regeneration phenomena. 
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3.4 Materials and Methods 
 
3.4.1 Bioinformatics and evolutionary relatedness analysis 
The planarian DUT gene sequence was analyzed using the online bioinformatics 
tools (http://www.ncbi.nlm.nih.gov) for sequence similarity with other species. 
ExPASy Proteomic tools (http://www.expasy.ch/tools/) were used for deducing the 
amino acid sequence, calculation of the theoretical molecular mass and pI. Phylogenetic 
tree was constructed by phylogeny.fr program using Neighbor-Joining method (Saitou 
and Nei 1987).  
 
3.4.2 Plasmid construction 
 The deduced amino acid sequence of the Dr-dUTPase contained a thrombin 
cleavage site. To overcome the unnecessary fragmentation of dUTPase during the His-
tag removal, internal thrombin cleavage site in the gene was removed by single-
nucleotide missense mutation. The mutated gene was then cloned into pET15b vector 
(Novagen, San Diego, CA, USA) between the Nde I and BamH I sites in frame with the 
histidine tag sequence in the vector. Proximity of the Dr-dut gene to the His-tag 
sequence of pET15b was kept by utilizing the restriction enzymes Nde I and BamH I. 
The nucleotide sequence of this construct was confirmed by sequencing analysis. The 
obtained plasmid construct retained the open reading frame and the target protein 
contained 3 additional amino acid residues at the N-terminus, including a cluster of six 
histidine residues for purification of the recombinant protein by Ni-NTA His Trap 
column.  
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a. 
  Dr-dut insert 
       Nde I 
 
         BamH I 
 
b. 
 Thrombin cleavage sites 
  
 
 
c. Thrombin cleavage site 
 
 
 
Figure 3.11 Single-nucleotide missense mutation in Dr-dut gene. (a) Mutated Dr-
dut gene sequence showing the mutated codon AAA from AGA where AGA encodes 
arginine ‘R’ and AAA encodes lysine ‘K’. (b) Expression of Dr-dut gene before 
mutation where an additional thrombin cleavage site was observed (R at the 86-aa 
position). (c) Expression of Dr-dut gene after mutation where additional thrombin 
cleavage site was removed. 
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                                              BamH I 
 
              Vector 
Multiple cloning sites 
 
 
Fig. 3.12 The cloning of the mutated Dr-dut gene into the expression vector 
pET15b. 
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3.4.3 Expression of Dr-dUTPase  
Escherichia coli BL21 Star (DE3) strain transformed with pET15b_Dr-dut 
plasmid was grown over night at 37 °C in 10 ml LB containing 100 µg/mL ampicillin 
as pre-culture. Next morning the pre-culture was grown newly at large scale in 250 mL 
LB broth taking 0.01% pre-culture and allowed to grow at 37°C to OD600 = 0.5-0.6. 
The culture was induced with 1.0 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) 
and the growth was continued at 28°C in a shaker incubator maintaining 200 rpm. The 
cells were harvested after overnight incubation by centrifugation at 5000× g and the 
cell pellets were resuspended in lysis buffer (50 mM Tris-HCl, pH 8.0, 1 mM EDTA, 
pH 8.0 and 0.5 mM DDT). The cells were disrupted by sonication (Branson Sonifier 
250, USA) on a 15 second burst cycle (power 10) under chilled conditions and 
centrifuged at 10000 x g for 1 hr. The lysate was verified for the presence of expressed 
dUTPase using SDS-PAGE. 
 
3.4.4 Purification of Dr-dUTPase 
The clarified lysate was subjected to Ni–NTA HisTrap HP column (Amersham 
Biosciences, Pittsburgh, PA, USA) pre-equilibrated with binding buffer (20 mM Na-
Phosphate, 500 mM NaCl, 10 mM imidazole, pH 7.4). The lysate was filtered through 
a 0.45 µm filter immediately before applying it to the column. The column was washed 
with binding buffer maintaining gradient imidazole concentration. The dUTPase was 
eluted using elution buffer (20 mM Na-Phosphate, 500 mM NaCl, 200-500 mM 
imidazole, pH 7.4). Pure planarian His-tagged dUTPase was concentrated and stored at 
ice water bath until use. In order to remove the His-tag, the recombinant protein was 
digested with thrombin for 30 min at room temperature and the enzyme was purified 
by Ni–NTA batch column chromatography followed by Benzamidine Sepharose Fast 
Flow (Amersham Biosciences, Pittsburgh, PA, USA) to remove the residual thrombin 
from the enzyme. Approximately 20 mg of protein was purified from 250 mL LB 
culture. The resulting dUTPase includes three extra amino acids, Gly–Ser–His, at the 
amino-terminus (Fig. 3.11). 
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3.4.5 Enzymatic activity assay 
The enzymatic activity assay was performed using cresol red, and the Km values 
were calculated using the integrated Michaelis–Menten method (Larsson et al., 1996b) 
with Beckman Coulter DU-800 UV/Vis spectrophotometer. The assay solution 
contained 100 mM KCl, 5 mM MgCl2, and 0.25 mM bicine at pH 7.6. dUTPase, to a 
final concentration of 100 nM, was rapidly mixed with 1–20 µM dUTP solutions, and 
absorbance was monitored at 573 nm (Fig. 3.9). Initial velocity studies regarding dUTP 
hydrolysis were determined at 25 °C, keeping Mg2+ at a fixed concentration (5 mM 
MgCl2). 
 
3.4.6 Crosslinking experiment 
The pure enzyme was incubated in 50 mM HEPES, pH 8.0, 0.1 mM EDTA, 10 
mM MgCl2, 0.5 mM DTT in the presence or absence of 0.0125% of glutaraldehyde on 
the ice. The reaction was stopped at different time intervals using 2 µL of 1M Tris-HCl 
in each 20 µL sample. Finally, the equal volume of SDS-PAGE sample buffer was 
added and the sizes of the products generated in the reaction were analyzed in 12% 
polyacrylamide gels. 
 
3.4.7 Homology modelling  
 Homology modeling was used to build the three-dimensional structure of Dr-
dUTPase using the amino acid sequences of closest homologues as template. The model 
was created using the Swiss-Model server (Bordoli et al., 2009) with a human dUTPase 
crystal structure (PDB ID: 3ehw.1A) as a template. Alignment was performed by the 
program Swiss PDB Viewer (Guex et al.,1997). The model quality estimation was 
assessed by the Swiss-Model server with QMEAN value -1.07, which is good and 
usable. Figures were created by PyMOL (DeLano 2002). 
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 Chapter 4 
 
PKA signaling during acrosome reaction 
 
4.1 Introduction 
The acrosome reaction (AR) is essential for the sperm to fuse with the egg in 
most animals. In echinoderm sperm, the AR consists of exocytosis of the acrosomal 
vesicle (AV) contents and extension of the acrosomal process (AP) by actin 
polymerization (Hoshi et al., 1994). An extensive AP can be observed in starfish 
sperm; it is approximately 25µm long, travels through the egg jelly (EJ), and binds to 
the vitelline layer (Tilney et al., 1978; Vacquier et al., 1995). Although exocytosis 
and actin polymerization are known to occur sequentially in the AR, mechanistic 
relationships between these processes remain unclear (Ikadai and Hoshi, 1981).  
 
In Asterias amurensis, the AR is induced by a cooperative action of three 
components within the EJ: a sulfated proteoglycan-like molecule designated as AR-
inducing substance (ARIS), a group of sulfated steroidal saponins, named co-factor 
for ARIS (Co-ARIS), and the sperm-activating peptide (asterosap) (Matsui et al., 
1986; Nishiyama et al., 1987; Nishigaki et al., 1996; Koyota et al., 1997). ARIS is the 
main factor inducing the AR, and its activity depends on sugar chains, named 
fragment 1 (Matsui et al., 1986; Koyota et al., 1997). Co-ARIS alters the micro-
domain of the sperm membrane, facilitating the binding between ARIS and the ARIS 
receptor, which surrounds the AV (Naruse et al., 2010). Asterosap binds to its 
receptor, a guanylate cyclase, present on the flagella (Nishigaki et al., 2000; 
Matsumoto et al., 2003), which transiently raises the levels of intracellular cGMP 
([cGMPi]), intracellular pH ([pHi]), and intracellular Ca2+ ([Ca2+i]), together inducing 
sperm chemotaxis (Nishigaki et al., 2000). Intracellular cAMP ([cAMPi]) and [Ca2+i] 
levels rise continuously, and this physiological change requires the activity of both 
ARIS and asterosap (Islam et al., 2006). cAMP participates in an intracellular 
physiological response as a second messenger, through PKA activation. Recent 
studies, conducted using starfish sperm, showed that [cAMPi] increases only in the 
presence of both ARIS and asterosap and that the inhibition of cAMP-dependent 
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protein kinase (PKA) suppresses AR (Islam et al., 2006). Therefore, PKA activation 
plays an important role in ARIS- and asterosap-induced AR. 
 
In sperm from mammals, sea urchins, and other organisms, PKA plays a 
prominent role during the AR as well. In sea urchins, fucose sulfate polymer (FSP), 
an AR-inducing polysaccharide, activates adenylate cyclase that leads to an increase 
in [cAMPi] levels (Watkins et al., 1978). However, the mechanism underlying the 
role of PKA in the AR is still unknown. The AP of sea urchin sperm is very short, 
around 1 µm, and therefore, observing the AR in sea urchin sperm is a very difficult 
task when using a light microscope for longitudinal studies (Dan et al., 1964). While 
actin filaments can be observed by fluorescence staining, using an AR assay for sea 
urchin sperm, AV exocytosis requires anti-bindin antibodies and additional 
immunolabeling approaches (Vacquier and Hirohashi, 2004). In contrast to this, in 
starfish, the AR in sperm can be investigated using erythrosine staining, which allows 
visualization of the long AP (Matsui et al., 1986; Kawase et al., 2005; Naruse et al., 
2010). 
 
In this study, a leading PKA substrate candidate was identified as a novel 
protein isolated from A. amurensis and Asterias forbesi sperm, containing six PKA 
phosphorylation motifs, with one phosphorylation site (Thr109). This research 
suggests that this protein plays a key role in AP extension by actin polymerization 
during the AR. 
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4.2 Results 
 
4.2.1 Identification of the PKA target substrate  
To investigate the molecular mechanism underlying the role of PKA signaling 
in the AP extension, it was searched for proteins phosphorylated by PKA during the 
AR. Western blot analysis was performed on the A. amurensis sperm lysate by using 
an anti-phospho-PKA substrate monoclonal antibody that recognizes RRXT/RRXS 
sequences containing phosphorylated Thr/Ser residues, which comprise a part of the 
motifs phosphorylated by PKA. A 60-kDa protein band was detected that increased in 
intensity in lysate from acrosome-reacted sperm compared to acrosome-intact sperm 
(Fig. 4.1).  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Western blot of sperm lysates using anti-phospho-PKA substrate 
antibody. Western blot detection of a ∼60-kDa band in acrosome-intact sperm that 
was intensified in acrosome-reacted sperm lysate induced by egg jelly (EJ).  
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4.2.2 Localization of the PKA substrate in starfish acrosome-reacted 
sperm  
To know the location of the target protein functioning as a PKA substrate, 
immunocytochemistry was performed using the anti-phospho-PKA substrate 
monoclonal antibody with EJ-treated sperms. The target substrate of PKA was 
localized at the base of the AP in the same region as the actin filaments (Fig. 4.2). 
This result further suggests that PKA activation contributes to the AP extension 
mechanism, probably through the regulation of actin polymerization. 
 
 
 
Figure 4.2 Localization of the PKA substrate protein. 
 
4.2.3 Identification of AfPKAS1 and AaPKAS1 transcripts from 
starfish testes  
The complete cDNA sequences coding for AaPKAS1 and AfPKAS1 were 
obtained from A. amurensis and A. forbesi testes, respectively, using reverse-
transcription PCR and 5′-rapid amplification of cDNA ends. The full-length cDNA 
(1,645 bp) encodes a protein containing 457 amino acid residues (calculated 
molecular weight of 54.3 kDa) with no previously reported domains recognized by 
BlastP or Interproscan. Therefore, scansite program was used to find short sequence 
motives in AaPKAS1 and AfPKAS1, and identified several consensus PKA, Protein 
kinase C (PKC), Casein kinase, and AKT kinase phosphorylation sites, as well as an 
ERK D-domain and PIP3-binding PH sequences. Six of the identified sites (Thr109, 
Ser125, Ser201, Ser314, Ser362, and Ser451) are potentially phosphorylated by PKA 
(Fig. 4.3).  
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Figure 4.3 Identification of AfPKAS1 and AaPKAS1. The amino acid sequence of 
A. amurensis and A. forbesi PKAS1. Colored letters indicate motifs identified by 
Scansite program using “High Stringency” conditions.  
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Figure 4.4 Secondary structure of starfish PKAS1 protein predicted by PSIPRED 
server. α-helices, coils and β-sheets were highlighted in pink, black and yellow color 
respectively. The structure shows that PKAS1 has 9 beta sheets and 10 coils. 
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4.2.4 AaPKAS1 represents a PKA substrate  
Finally, to determine whether AaPKAS1 and AfPKAS1 are the same molecules 
identified as 60-kDa bands in Western blot analyses, a polyclonal antibody in the 
serum of guinea pig was generated, with a fusion protein composed of glutathione-S-
transferase fused to a partial AfPKAS1 protein fragment to determine if AaPKAS1 and 
AfPKAS1 are the same molecules identified as 60-kDa bands in immunoblot analyses. 
This serum antibody recognized a 60-kDa band, similar to the one recognized by the 
anti-phospho-PKA substrate monoclonal antibody (Fig.4.5).    
 
 
 
Figure 4.5 Anti-AfPKAS1 polyclonal antibody recognizes the same protein as 
anti-phospho-PKA substrate monoclonal antibody. Immune-precipitation of sperm 
extracts using anti-phospho-PKA substrate antibody and anti-AfPKAS1 antibody, 
before and after induction of the acrosome reaction. Western blot detection used an 
anti-phospho-PKA substrate antibody. A distinct band of ∼60 kDa was detected in 
acrosome-reacted sperm lysate induced by egg jelly (EJ). This 60-kDa band indicates 
the phosphorylation of AaPKAS1 protein. Both antibodies recognize the same protein. 
Left, SDS–PAGE results; right, Western blot analysis. 
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4.2.5 AaPKAS1 phosphorylated sites during AR  
The amino acid sequence of AaPKAS1 contained six potentially 
phosphorylated sites by PKA (Thr109, Ser125, Ser201, Ser314, Ser362, and Ser451). 
Therefore, it was attempted to identify PKA-mediated phosphorylation sites in 
AaPKAS1 during the acrosome reaction. Tandem mass spectrometry analysis 
identified potential phosphorylation sites, such as Thr109 and Thr117 in AaPKAS1 
(Fig. 4.6). The consensus of these results suggests that Thr109 may be the important 
phosphorylation site of AaPKAS1 that is targeted by PKA.  
 
Table 4.1 Phosphorylation status of specific sites in AaPKAS1  
 Number of sites phosphorylated 
Phosphorylated sites of AaPKAS1 Acrosome reacted sperm Acrosome intact sperm 
Thr109 and/or Thr117 2 Not phosphorylated 
Ser125 Not detected 1 
Ser201 and/or Ser204 
and/or Thr207 
1 1 
Thr310 and/or Ser313 
and/or Ser314 
1, 2 and 3 1 and 3 
Thr353 and/or Ser362 2 2 
Ser442 and/or Ser447 
and/or Ser451 
1 1 
 
 
 
Figure 4.6 Mass spectroscopic identification of potential phosphorylation sites in 
AaPKAS1. 
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4.3 Discussion 
 
PKA signaling regulates a wide variety of biological events, including diverse 
metabolic processes, vasodilation, and calcium sequestration. Differences in the 
functions of PKA within cells derive from how cells are stimulated to accumulate 
cAMP, which eventually activates PKA, resulting in substrate phosphorylation and 
active signaling. For example, PKA phosphorylation of LIMK1 in cultured cells 
results in the aggregation of F-actin (Nadella et al., 2009).  
 
Sperm behavior critically depends on PKA in all species studied to date. In 
mammalian sperm, activated PKA participates in capacitation events that precede the 
acrosome reaction, and may induce actin polymerization through a tyrosine kinase 
intermediate (Visconti et al., 2005). cAMP/PKA-dependent phosphorylation of 
LIMK1 and cofilin is also essential for mammalian sperm acrosome exocytosis 
(Romarowski et al., 2015). A brief elevation of intracellular Ca2+ is sufficient to 
activate the cAMP/PKA pathway during capacitation and the acrosome reaction 
(Tatenoa et al., 2013). The exact stimulus that triggers the PKA-dependent acrosome 
reaction in mammalian sperm remains controversial, and likely includes more factors 
than proposed in the classically defined ZP3 model (Inoue et al., 2011; Yanagimachi, 
2011).  
 
The acrosome reaction has been studied extensively in both starfish and sea 
urchin sperm, in which PKA also plays an essential and conserved role (Yanagimachi, 
2011). Previously it was shown that PKA inhibitors suppressed the acrosome reaction 
of starfish sperm in a dose-dependent manner (Islam et al., 2006)—although the exact 
role of PKA activation during the acrosome reaction remains unclear.  
 
A key to understanding the function of PKA in sperm regulation is the 
identification of PKA substrates. It was discovered that a 60-kDa protein 
phosphorylated by PKA during the starfish acrosome reaction. This PKA substrate, 
identified as AaPKAS1, resides at the base of the AP, suggesting that it contributes to 
AP extension by regulating actin polymerization. AaPKAS1 was found to contain six 
PKA phosphorylation motifs (RRXT/RRXS), implying that AaPKAS1 and AfPKAS1 
may be regulated by various kinases and could recruit signaling factors during the 
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acrosome reaction. The Scansite program identified motifs in AaPKAS1 that may be 
phosphorylated by PKA, PKC, Casein kinase, and AKT kinase, as well as ERK D-
domain and PIP3-binding PH sequences. The ERK D- domain is involved in the 
interaction between ERK and its substrate (Fernandes & Allbritton, 2009) while PIP3-
binding PH sequences interact with PIP2 or PIP3 within cell membranes (Harlan et 
al., 1994).  
 
AaPKAS1 differs from PKA substrates previously identified in sea urchin 
sperm—such as Adenylate kinase 1, Phosphodiesterase 5, and EPS8 (Su et al., 
2005)—and the sea urchin genome does not encode an AaPKAS1 ortholog. The 
closest functional homology for PKAS1 is EPS8, which regulates actin dynamics 
through end capping (via its C-terminal amphipathic helix H1) and bundling of actin 
filaments (through its H2-H5 helices) (Hertzog et al., 2010).  
 
Among Echinoderms, Crinoidea (crinoids) and sea urchins possess a short AP 
whereas starfish, Holothuroidea (sea cucumbers), and Ophiuroidea possess long APs 
(Naruse et al., 2011). Furthermore, Hemichordata, Cephalochordata, and Ctenophora 
sperm also form long APs (Morisawa et al., 2004). Therefore, how actin 
polymerization of PKA substrates occurs may be conserved in many species. 
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4.4 Materials and methods 
 
4.4.1 Materials 
A. amurensis samples were collected from the Otsuchi Bay and Tokyo Bay, 
Japan, and Sandy Bay, Australia. Dry sperm from the adults were collected as 
previously described (Matsui et al., 1986). EJ and ARIS were prepared as previously 
described as well (Matsui et al., 1986; Koyota et al., 1997). Kinase inhibitors KT5720 
and Rp-8-Br-cAMPS were purchased from Sigma-Aldrich (St. Louis, Mo, USA) and 
dissolved in DMSO. 
 
4.4.2. AR assay and fluorescence imaging 
The AR assay was performed as previously described (Naruse et al., 2010) 
with some modifications. Briefly, 1 µL of dry sperm was resuspended in 1 mL of ice-
cold artificial seawater (ASW) (423 mM NaCl, 9 mM KCl, 9 mM CaCl2, 25 mM 
MgSO4, 23 mM MgCl2, 10 mM EPPS, NaOH pH 8.2) and incubated on ice for 10 
min with or without inhibitors. The sperm suspension (20 µL) was added to 80 µL EJ 
(1 mg sugar/mL) and incubated on ice for 5 min to induce AR. Afterward, 20 µL of 
5% (v/v) glutaraldehyde in ASW were added to each sample to fix the sperm. Fixed 
sperm (100 µL) were placed onto glass slides and incubated for 30 min to bind to the 
glass. After washing with ASW, 100 µL of Staining Solution (0.05% [v/v] Triton X-
100, 0.4 U Alexa Fluor 488 phalloidin [Life Technologies, Bethesda, USA], 10 
µg/mL Hoechst 33342 [Sigma-Aldrich, St. Louis, Mo, USA] in ASW) were added 
and incubated on ice for 1-2 h in the dark. After further washing, sperm samples were 
observed and scored under an IX70 & DP72 fluorescence microscope (Olympus, 
Tokyo, Japan) at 1000× magnification; 100 sperm cells were scored in each sample. 
 
4.4.3 Protein extraction from starfish sperm 
Dry sperm (20 µL) were resuspended in 1 mL of ice-cold ASW and incubated 
on ice for 10 min with or without inhibitors. Sperm suspension (200 µL) were added 
to 800 µL EJ (1 mg sugar/mL) and incubated on ice for 5 min to induce AR. Each 
sperm sample was centrifuged (1000 ´g, 5 min) and washed with ASW. After the 
second centrifugation, the supernatants were removed, and 1 mL of RIPA buffer (1% 
 Chapter 4          PKA signaling during acrosome reaction 
 
 
70 
[v/v] NP-40, 1% [w/v] deoxycholic acid, 150 mM NaCl, 50 mM Tris-HCl pH 7.4, 2 
mM EDTA, 50 mM NaF, 0.2 mM Na3VO4, 100 nM okadaic acid [Wako, Osaka, 
Japan], 1:100 dilution of protease inhibitor cocktail [Nacalai Tesque, Kyoto, Japan]) 
was added. Sperm pellets were homogenized using Microtube Pestles (Scientific 
Specialties, Hanover, MD, USA). After centrifugation (12000 ´g, 15 min), the 
supernatant containing the sperm lysate was collected from each sample. The 
concentration of each sperm lysate was measured using the BCA Protein Assay Kit 
(Thermo Scientific, Waltham, MA, USA) and stored at -30°C. 
 
4.4.4 Electrophoresis  
SDS-PAGE analysis was performed using a 10% acrylamide gel, with the 
Laemmli method (Laemmli, 1970). Protein bands were stained with Coomassie 
Brilliant Blue (CBB) (Rapid Stain CBB kit; Nacalai Tesque, Kyoto, Japan).  
 
4.4.5 Western blot analysis 
For western blotting, gels were transferred onto polyvinylidene difluoride 
(PVDF) membranes (Hybond-P, GE Healthcare, Waukesha, WI, USA) using a Trans-
Blot SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad, Hercules, CA, USA), and 
run at 20 V for 35 min. Membranes blocked with TBS-T (Tris-buffered saline plus 
0.1% Tween-20) containing 5% skim milk for 1 h were incubated with TBS-T 
containing 5% BSA and Phospho-PKA Substrate (RRXS/T) (100G7E) Rabbit 
monoclonal antibody (Cell Signaling Technology, Danvers, MA, USA) at 4°C 
overnight. Membranes were washed with TBS-T and incubated with Peroxidase-
Affini Pure Goat Anti-Rabbit IgG (H+L) (Jackson Immuno-Research Laboratories, 
West Grove, PAUSA) for 30 min at room temperature and then washed again. The 
bound antibody was detected using ECL Plus (GE Healthcare, Waukesha, WI, USA) 
and a Molecular Imager FX (Bio-Rad Laboratories, Hercules, CA, USA). For protein 
sequencing, gels were transferred onto Sequi-Blot PVDF Membrane after SDS-
PAGE. The blotted protein was stained with CBB and cut from the membrane. After 
washing and destaining, the blotted protein was sequenced using the automated 
Edman degradation with a Procise 492 (PerkinElmer, Waltham, MA, USA) protein 
sequencing system. However, the N-terminal sequence of the target protein could not 
be analyzed by peptide sequencing, and the purified protein was chemically digested 
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by the hydroxylamine cleavage method that can cleave peptides at the Asn-Gly sites 
for peptide sequencing as previously reported. 
 
4.4.6 Immunocytochemistry 
Sperm cells were fixed with 4% paraformaldehyde in ASW for 15 min. Fixed 
sperm (100 µL) was placed onto a glass slide and incubated for 30 min to bind to the 
glass. After blocking with 3% BSA in ASW for 30 min, the samples were incubated 
with 3% BSA containing Phospho-PKA Substrate (RRXS/T) (100G7E) Rabbit 
monoclonal antibody in ASW at 4°C overnight. After several washings with ASW, 
the samples were incubated with 3% BSA containing the Alexa Fluor 488 Goat Anti-
Rabbit IgG (H+L) (Life Technologies, Bethesda, USA) and 10 µg/mL Hoechst 33342 
stain in ASW at 4°C for 3 h. After an additional wash, the samples were observed 
under an IX70 & DP72 fluorescence microscope at 1000× magnification. 
 
4.4.7 Immunoprecipitation 
Phospho-PKA Substrate (RRXS/T) (100G7E) Rabbit monoclonal antibody 
was added to 200 µL of each sperm lysate, and each sample was incubated at 4°C 
overnight under rotation. Activated 50% COSMOGEL Ig-Accept Protein A (20 µL; 
Nacalai Tesque, Kyoto, Japan) was added to each sample and incubated at 4°C for 1 h 
under rotation. After incubation, the supernatant was removed by centrifugation (1500 
´g, 5 min) and washed with 200 µL of RIPA buffer. After washing five times with 
RIPA, proteins were eluted from the beads using 30 µL of 2×SDS sample buffer, and 
electrophoresed after boiling for 5 min. 
 
4.4.8 Identification of PKA target protein by mass spectrometry 
The immune-precipitated samples were separated using SDS-PAGE, and 
protein bands were digested with the In-Gel Tryptic Digestion Kit (Thermo Scientific, 
Waltham, MA, USA). Digested peptides were separated and identified by liquid 
chromatography-tandem mass spectrometry (LC-MS/MS). Database searches of the 
acquired MS/MS spectra were performed using Mascot (Matrix Science, v1.9.0) with 
an A. forbesi ovary transcriptome database maintained by Brown University, which 
combines entries from TrEMBL/SWISSPROT (Wu and Han, 2006) and GENBANK. 
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4.4.9 Preparation of serum containing polyclonal antibody against 
AfPKAS1 
Polyclonal antibodies against AfPKAS1 (amino acid residues 92- 458) were 
obtained from guinea pigs. Guinea pig serum containing anti-AfPKAS1 antibodies was 
further used for western blotting and immunocytochemistry. Peroxidase-AffiniPure 
Goat Anti-Guinea Pig IgG (H+L) (Jackson Immuno Research Laboratories, USA) and 
a highly cross-adsorbed Alexa Fluor 568 Goat Anti-Guinea Pig IgG (H+L) (Life 
Technologies, Bethesda, USA) were used as secondary antibodies for the detection of 
anti-AfPKAS1 antibodies in western blot and immunocytochemistry assays, 
respectively.  
 
4.4.10 Phosphorylation site identification 
The digested peptides were bound to a ZipTip C18 pipette tip (Merck-
Millipore, Billerica, MA, USA), and washed with 5% MeCN (acetonitrile) and 0.1% 
TFA (trifluoroacetic acid). After elution with 1 µl of 80% MeCN, 0.1% TFA, the 
eluate was mixed with 5 mg/mL of 4-chloro-a-cyanocinnamic acid in 90% MeCN and 
0.1% TFA, and spotted and dried on an MTP 384 target plate (ground steel T F, 
Bruker Daltonics, Bremen, Germany) (Leszyk, 2010). The mass was measured by 
MALDI-TOF MS AutoFlex III (Bruker Daltonics) in reflectron mode. Angiotensin II 
(Sigma-Aldrich) and insulin B chain (Sigma-Aldrich) were used as standard peptides. 
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Chapter 5 
 
Conclusion and prospects 
All cellular processes are mediated by the complex action of several biomolecules 
through biochemical or biophysical interactions where proteins play the central 
character. They play a variety of important roles and are essential to maintain the 
structure and function of all lifeforms. In asexual reproduction, Dr-dut gene was 
expected to have important functions for planarian regeneration. In sexual 
reproduction, protein kinase A substrate protein (PKAS1) was supposed to be the key 
protein for the acrosomal process development in starfish. These both proteins play 
vital roles in the developmental process.  
 
 In Chapter-1, the history and overview of the planarian regeneration and 
starfish acrosome reaction and the background information have been introduced. 
 
 In Chapter-2, the biological functions of Dr-dUTPase in regeneration and 
genome stability has been described. Dr-dut RNAi silencing in planarian caused 
lethality. The possible causes of lethality were examined by evaluating the frequency 
of genomic DNA breakdown. Alkaline comet assay diagnosed the genuine causes of 
lethality assessing cells with severely damaged DNA. The thymidylate synthetase 
(TS) inhibitor 5-fluorouracil (5-FU) also resulted in planarian death and DNA 
damage, and synergistically caused higher genotoxicity with Dr-dut RNAi planarians. 
Asexual planarians that ingested Dr-dut RNAi treated food were failed to regenerate 
suggesting the importance of Dr-dut gene in planarian life. 
 
 In Chapter-3, the biochemical properties of Dr-dUTPase, including molecular 
mass, kinetic behaviors, cation requirements and the substrate specificity, ligand 
binding affinity have been illustrated. Planarian dUTPase exhibited particular 
properties that differentiated it from the other dUTPases. The kinetic constants for the 
hydrolysis of dUTP were similar to human dUTPases, with a low Km for dUTP, and a 
higher specificity constant. Functional analysis showed that Dr-dUTPase was not 
completely specific for its substrate dUTP. It has also a hydrolyzing capacity to other 
several nucleotides that is generally rare in other dUTPases. The broad substrate 
specificity of Dr-dUTPase distinguished it from others. This distinctive nature of Dr-
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dUTPase may have relation with their regeneration. Catalytic activity is dependent on 
divalent metal ion where Mg2+ enhances the binding of dUTP. Dr-dUTPase has 
comparatively higher Km, and lower specificity constant, suggesting the enzyme with 
lower substrate affinity group. Observed kinetic properties and amino acid 
composition reflected the nature of aquatic organisms, probably suggesting that Dr-
dUTPase activity is determined by hydrogen bonding and periodic electric field 
effects.  
 
 In Chapter-4, the role of PKA signaling during the acrosome reaction in 
starfish is described. The major PKA substrate referred to as PKAS1 was identified 
from starfish sperm, as a novel protein containing six PKA phosphorylation motifs. 
This protein likely plays a key role in AP extension by actin polymerization during 
the acrosome reaction.  
 
 In Chapter-5, the overall summary of the thesis is presented. In addition, 
future research projects stemming from this research are discussed. 
 
 It is clearly observed that the above-mentioned proteins dUTPase and PKAS1 
have immense importance in the developmental process of animals. If the dUTPase 
would not be expressed in the planarian body, their regeneration would be hampered 
with severe lethality. In the same way, PKAS1 plays great role in acrosomal reaction 
of starfish that finally ensures the fertilization of animals for the existence of life.  
 
 Proteins rarely act alone as their functions tend to be regulated by others. 
Many molecular processes within a cell are carried out by different molecular 
machines that are built from a large number of protein components organized by their 
protein-protein interactions. In that cases, Dr-dUTPase may interact with other 
protein molecules for its functioning. Therefore, the identification of those interacted 
proteins that may have functions with dUTPase is necessary to be determined. I 
believe this can open a new window in dUTPase and planarian research. 
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